ABSTRACT -It has been reported that the newborn immune system differs quantitatively and functionally from that of adults. Development of the immune system has important implications for childhood diseases. The immaturity of the immune system in the prenatal or suckling stage may contribute to susceptibility to environmental toxic chemical exposure. In the present study, to clarify the effect of low-level toluene exposure on immune functions during developmental stage, pregnant mice were exposed to 0, 5, and 50 ppm toluene from gestational day 14 to day 19 with or without stimulation by peptidoglycan (PGN) of a Gram-positive bacterial cell wall component, a toll-like receptor (TLR) 2 ligand. We examined Th1/Th2 balance in the offspring's at 3 weeks old using ELISA and real-time RT-PCR methods. Exposure of mice to 50 ppm toluene enhanced total immunoglobulin (Ig) G2a (Th1-dependent) level in mice, but not in the combination of 5 or 50 ppm toluene with PGN. In addition, total IgG1 (Th2 dependmodulation of Th1-and Th2-responses may occur in low-level toluene exposure and/or combination with PGN stimulation in infant mice.
INTRODUCTION
Toluene, a widely used aromatic organic solvent, has been well-characterized as an environmental toxic chemical. Exposure to toluene may occur from breathing ambient or indoor air. Acute or chronic occupational exposure to high levels of toluene has been reported to be associated with increased disorders of the nervous system (Byrne et al., 1991; Greenberg, 1997) . In addition, human and animal studies have demonstrated systemic effects of inhaled toluene (ATSDR, 2000) . Although little is known about the effect of toluene exposure on immunological or lymphoreticular systems, some studies have reported that exposure to this substance alone or to mixed solvents containing it results in alterations of immunity by affecting immunoglobulins, leukocytes, and lymphocytes in the blood and reticuloendothelial system (Moszczynsky and Lisiewicz, 1984; Yin et al., 1987; Stengel et al., 1998) . Such adverse effects of occupational exposure to toluene on the immune system have been documented in adults, but data on exposure of infants in the home environment are very limited. Our laboratory has previously shown that long-term exposure to low-level toluene causes immunological and neurological modu--rological signaling in adult mice (Fujimaki et al., 2007) .
Development of the infant , s immune system requires the establishment of an appropriate balance between
Children's Immunology, what can we learn from animal studies (2): Modulation of systemic Th1/Th2 immune response in infant mice after prenatal exposure to low-level toluene and tolllike receptor (TLR) 2 ligand helper T-cell type 1 (Th1) for cell-mediated immunity and type 2 (Th2) function for humoral immunity. Allergic diseases such as pollinosis, atopic dermatitis and bronchial asthma may be caused by a shift in this balance of Th1/Th2 towards predominantly Th2 (Romagnani, 2004; Ngoc et al., 2005) . Because the Th2 arm is negatively regulated by Th1, some bacteria and their components which stimulate the Th1 response suppress the Th2 response and associated IgE production. For example, it has been reported that ligands for Tolllike receptors (TLR) 2, 4, or 9, such as peptidoglycan (PGN), lipopolysaccharide (LPS) and CpG-oligodeoxynucleotides (CPG-ODN) modulate Th2-driven allergic immune responses in animals (Velasco et al., 2005; Eisenbarth et al., 2002; Vollmer et al., 2004) . In the present study, we used PGN from Staphylococcus aureus in order to determine whether cell-wall components of gram-positive bacterial modulate Th1/Th2 immunity in offspring from pregnant mice exposed to toluene. Cellular and humoral immune responses in the neonate differ both qualitatively and quantitatively from those of the adult. These differences are an anticipated result of lower numbers and/or decreased functional capacity of leukocytes such as T and B lymphocytes, natural killer cells, and monocytes, granulocytes, etc. present in the early postnatal immune system (Riley, 1998; Holladay and Smialowicz, 2000) . Generally, although the Th2 pathway dominates the prenatal to neonatal period (Adkins and Guevara, 2001) , the Th1 arm also develops with increasing microorganism stimulation (Maródi, 2006) ra (Böttcher et al., 2000) . These events are proposed to result in establishment of the appropriate Th1/Th2 balance. We hypothesized that development of normal Th1/ Th2 immunity may be modulated by prenatal toluene exposure and microorganism stimulation. Therefore, the aim of the present study was to investigate the effect of low-level toluene exposure and PGN stimulation on systemic Th1/Th2 immunity in infant mice.
MATERIALS AND METHODS

Animals
Pregnant BALB/c mice on day 13 of gestation were obtained from Japan SLC Inc. (Shizuoka, Japan), and were used at day 14 of gestation; Food and water were given ad libitum. This study was approved by the Ethics Committee for Experimental Animals of the University of Occupational and Environmental Health, Japan.
Exposure to toluene and PGN stimulation
Toluene was generated by an organic solvent gas gendesired gas concentrations, which then were introduced into a stainless steel and glass chamber as described previously (Hori et al., 1999) (Fig. 1) . The toluene concentration in the chamber was monitored by means of gas chromatography (Model 353B; GL Sciences, Tokyo, Japan).
ppm), 5 ppm, and 50 ppm toluene for 6 hr/day from day 14 of gestation until delivery in the whole body exposure chamber. Some of the pregnant mice were repeatedly exposed to aerosolized PGN (Sigma-Aldrich Inc., St. Louis, MO, USA) at 200 μg/10 ml for 10 min (3 times per week) by nebulizer during the toluene exposure period. Offspring from the toluene-and PGN-exposed pregnant mice were further repeatedly given PGN 100 μg (5 times per 2 weeks) intraperitoneally from day 7 up to day 21 after birth. The time schedule of this PGN administration was according to the method of Gerhold et al. (2006) for administering LPS in pregnant and offspring mice. We used a PGN dose which did not affect birth and weaning, weaning weight, etc., as established by the results of preliminary testing inhalation exposure and peritoneal Collection of spleen, lung, and blood mice were euthanized under pentobarbital anesthesia, and spleen, lung, and blood samples were collected from each group (n = 6). The spleen and lungs were frozen quickly in liquid nitrogen, and then stored at -80°C until measurement of cytokine production and total RNA extraction.
Assay for total IgE, IgG1 and IgG2a antibodies in plasma.
Plasma total IgE antibodies were measured by ELISA, in accordance with the manufacturer's directions (Yamasa -two monoclonal rat anti-mouse IgE antibodies, which recognize different epitopes on the FcR fragment (Hirano et al., 1988) . OD at 450 and 550 nm was determined using a microplate reader (Bio-Rad Laboratories, Hercules, CA, USA). Total IgG1 and IgG2a antibodies in plasma were also microtiter plate with anti-mouse Ig (10 μg/ml) for 2 hr at 37°C, the plate was washed three times in 0.1× Block Ace containing 0.05% Tween 20. Each well was incubated as follows, with six washes between each step: 100 μl Block Ace (×4) for 1 hr at 37°C, 100 μl diluted samples (1:100) or standard for 1 hr at 37°C; with 100 μl diluted (1/1200) horseradish peroxidase-labeled anti-mouse IgG1 and IgG2a (Southern Biotechnology, Birmingham, AL, USA) for 1 hr at 37°C; and with 100 μl of substrate buffer containing o-phenylenediamine-2HCl and H 2 O 2 . Absorbance was read at 490 and 595 nm with a microplate reader.
Preparation of lung samples for cytokine measurement
The right upper lobe of the lung was placed in a microcentrifuge tube on ice, and 0.3 ml of cold ELISA buffer (1% BSA, 0.005% phenol red, 0.05% Tween 20, 0.1% NaN3 in PBS, PH 7.4) was added. The content of each tube was then homogenized for 30 s using a handy-type homogenizer (Funakoshi Corp., Tokyo, Japan). The tubes were then centrifuged at 4°C in an MR-15A centrifuge (TOMY SEIKO Co., LTD., Tokyo, Japan) at 14,000 rpm for 10 min and 0.2-0.3 ml supernatant was taken and frozen at -80°C until use.
Analysis of lung cytokine production levels
The concentrations of IL-4, IL-5, IL-12, and interferon (IFN)-in lung samples were measured by ELISA, in accordance with the manufacturer's directions (R D Systems, Minneapolis, USA). Absorbance was measured with a microplate reader (Model 550; BioRad) at wavelengths of 450 and 550 nm.
levels
The level of expression of IL-4, IL-12, interferon (IFN)-, T-bet, GATA-3, Foxp3, and 18S mRNA in the spleen was estimated by quantitative real-time PCR using an ABI Prism 7000 Sequence Detection System (Applied Biosystems Inc., Foster City, CA, USA) as described previously (Shwe, T.T. et al., 2005) . Tissue 18 S rRNA levels were taken as the internal control. Primers used in the present study (IL-4; ID_16189, IL-5; ID_16191, IL-12; ID_16159, IFN-; ID_15978, T-bet; ID_57765, GATA-3; ID_14462, Foxp3; ID_20371) were purchased from Qiagen, Sample Assay Technologies. Primers for 18S (Forward; 5' TACCACATCCAAGAAGGCAG, Reverse; 5' TGCCCTCCAATGGATCCTC) were designed by our laboratory. Data were analyzed by the comparative threshold cycle method. We then normalized the relative expression level of each mRNA individually by the 18 S rRNA content in the respective samples and expressed the result as mRNA signals per 18 S rRNA.
Statistical analysis
All data are presented as the mean ± standard error -cal analysis was performed using the StatMate II statistical analysis package for Microsoft Excel, Version 5.0 (Nankodo Inc., Tokyo, Japan). The data were evaluated by one-way analysis of variance (ANOVA) and multiple comparisons with a post hoc analysis using Bonferroni/ P < 0.05.
RESULTS
Body and spleen weights of offspring from pregnant mice exposed to toluene with or without PGN
To assess the systemic effects of toluene and PGN, we measured the body and spleen weights of control and toluene-exposed mice with or without PGN stimulation. There was no difference in the body weight of offspring from pregnant mice exposed to low-level toluene (5, 50 ppm) from day 14 of gestation until day 19 and control groups. There was also no difference when toluene and PGN were combined (Fig. 2a) . However, spleen weights Plasma antibody level in offspring from pregnant mice exposed to toluen with or without PGN To investigate systemic changes caused by toluene exposure and PGN, we measured the total IgE, IgG1, and IgG2a concentrations in the plasma of toluene-exposed mice with or without PGN stimulation. There was no difference in the IgE levels, a Th2-type antibody isotype, in mice exposed to toluene (5, 50 ppm) alone compared to control. However, IgE production in mice exposed to the combination of 5 ppm toluene and PGN were increased compared to the PGN alone or combination of 50 ppm toluene and PGN (Fig. 3a) . Levels of total IgG1, also a Th2-type antibody isotype, were not changed in mice exposed to 5 or 50 ppm toluene, whereas in PGN-stimulated mice, total IgG1 levels were decreased by exposure Each bar represents the mean ± S.E. (n = 6) (**p < 0.01). to 5 or 50 ppm toluene (Fig. 3b) . Levels of total IgG2a, a mice exposed to 50 ppm toluene compared to the 0 or 5 ppm toluene groups. These IgG2a levels were decreased by PGN alone or combination of 5 or 50 ppm toluene and PGN. However, there was no difference in the group (Fig.  3c) .
Plasma antibody level in offspring from pregnant mice exposed to toluen with or without PGN To investigate systemic changes caused by toluene exposure and PGN, we measured the total IgE, IgG1, and IgG2a concentrations in the plasma of toluene-exposed mice with or without PGN stimulation. There was no difference in the IgE levels, a Th2-type antibody isotype, in mice exposed to toluene (5, 50 ppm) alone compared to control. However, IgE production in mice exposed to the combination of 5 ppm toluene and PGN were increased compared to the PGN alone or combination of 50 ppm toluene and PGN (Fig. 3a) . Levels of total IgG1, also a Th2-type antibody isotype, were not changed in mice exposed to 5 or 50 ppm toluene, whereas in PGN-stimulated mice, total IgG1 levels were decreased by exposure to 5 or 50 ppm toluene (Fig. 3b) . Levels of total IgG2a, a mice exposed to 50 ppm toluene compared to the 0 or 5 ppm toluene groups. These IgG2a levels were decreased by PGN alone or combination of 5 or 50 ppm toluene and PGN. However, there was no difference in the group (Fig. 3c) .
Expression of splenic Th1-and Th2-type cytokines in offspring from pregnant mice exposed to toluene with or without PGN To examine changes in the effect of toluene and PGN, we measured the expression of mRNA for the splenic Th1 cytokines IFN-and IL-12, and the Th2 cytokines IL-4 in offspring from pregnant mice exposed to toluene with or without PGN stimulation. Real-time PCR was used to determine the expression of key immune genes in the spleen. Expression levels of all three cytokines in the (Figs. 4a, b and c) . However, IL-12 showed dose-dependently decline in the toluene alone or in combination with PGN (Fig. 4b) .
Expression of splenic transcription factors related to Th1-and Th2-immunity in offspring from pregnant mice exposed to toluene with or without PGN
To examine the expression of transcription factors related to Th1-and Th2-immunity following exposure to toluene and PGN, we measured splenic T-bet mRNA, which induces a Th1 type response, GATA-3 which induces a Th2 type response, and Foxp3 which induces a regulato- ry T cell (Treg) response in toluene-exposed mice with or without PGN stimulation. Expression of T-bet, GATA-3, and Foxp3 was decreased by 5 or 50 ppm toluene exposure either alone or in combination with PGN stimulation compared to the controls (0 ppm toluene or 0 ppm tolufor the combination toluene and PGN (Figs. 5a, b and c) .
Production of pulmonary Th1-and Th2-type cytokines in offspring from pregnant mice exposed to toluene with or without PGN To examine local effects of toluene and PGN, we measured levels of Th1-(IFN-, IL-12) and Th2-type (IL-4, IL-5) cytokines in supernatants of lung homogenates in offspring from pregnant mice exposed to toluene with or without PGN stimulation. However, levels of all four cytokines in the lung were low in all groups, and there shown).
DISCUSSION
In the present study, we focused to examine the possible changes of systemic Th1/Th2 immunity in offspring by prenatal exposure to low-level toluene with or without stimulation by a gram-positive bacterial cell-wall component, PGN, a TLR 2 ligand. Our data demonstrated that inhalation of 5 or 50 ppm toluene alone or combined with PGN stimulation modulated plasma and splenic Th1-and Th2-type immune response parameters. Measured effects of low-level toluene exposure included increased Th1-dependent total IgG2a, and Th2-dependent total IgG1 levels in plasma, and decreased splenic expression of the transcription factors T-bet, GATA-3 and Foxp3 in infant mice.
Our previous study had shown that long-term (6-or 12-week) inhalation exposure of low-level toluene (50 ppm) in adult mice modulates airway inflammatory responses by increasing macrophage or lymphocyte numbers, but decreasing IFN-production, a Th1-type cytokine, in -ical signaling mechanism (Fujimaki et al., 2007) . In the present study, splenic expression of cytokines including IFNexposed to toluene alone. However, splenic expression of IL-12 tended to decline dose-dependently in combination with toluene and PGN. IL-12 plays a central role in mediating cell mediated immunity, promoting differentiation Two transcription factors (T-bet for Th1 cells and GATA-3 for Th2 cells) have been found to play a critical role in differentiation to a Th1 or a Th2 cell. T-bet produces Th1 cells by inducing the expression of genes required for Th1 function (e.g., IFN-) and blocking the activity of GATA-3 (Szabo et al., 2000) . It has been reported that mice with genetically-deleted T-bet lack Th1 cells and possess elevated numbers of Th2 cells (making them susceptible to such Th2-mediated disorders as asthma) (Szabo et al., 2002) . GATA-3, the expression of which is controlled by IL-4, affects the IL-4 gene locus, and induces Th2 differentiation (Zhou and Ouyang, 2003) . Our results showed that the expression of both of these transcription factors responsible for Th1 and Th2 lineage commitment, was suppressed by low-dose toluene exposure. In the present study, a parallel relationship with Tbet-induced IL-12 expression was observed but the relationship between GATA-3 expression and IgE or IgG1 antibody production was not. Furthermore, exposure to low-level toluene suppressed not only T-bet and GATA-3 expression but also Foxp3, which is mainly expressed differentiation and function of these cells (Lopes et al., 2007) . A decrease in Treg functions can enhance the risk of allergic and autoimmune diseases directly and indirectly (Curotto de Lafaille and Lafaille, 2002; Verhagen et al., 2006) . Although the induction of allergy-related Th2-type responses such as IgE and IgG1-antibody and IL-4 and IL-5 cytokines by exposure to various environmental chemicals has been reported, little is known regarding transcription factor involvement. In the present study, suppression of transcription factor T-bet, GATA-3 and Foxp3 expression by low-level toluene exposure in infant mice cannot be explained simply in terms of the Th1/Th2 paradigm. Although the reasons remain unclear, the data indicate that prenatal exposure to low-level toluene causes suppression of both Th1 and Th2 related-transcription factors in infant mice.
In our study, perinatal stimulation by PGN reduced the level of plasma total IgG2a in infant mice compared with control/PGN un-treated mice. However, the IgG1 level was increased and a reverse response was shown. Furthermore, combined 5 or 50 ppm toluene exposure and PGN stimulation reduced total IgG1 and IgG2a levels compared to toluene alone. These results show that exposure to PGN alone or in combination with toluene modulate both systemic Th1-and Th2-responses in infant mice. Some bacterial components, ie. TLR ligands such as PGN, LPS and CpG-ODN, modulate the immune response via TLR-2, -4 and -9 mediated pathways, respectively, particularly in the direction of Th1 dominance (Eisenbarth et al., 2002; Vollmer et al., 2004; Velasco et al., 2005) . It has been reported that intratracheal instillation of PGN (225 μg) 13, a Th2-type cytokine, in the BAL from OVA-stimulated adult C57BL/6 mice (Velasco et al., 2005) . Intratracheally administered PGN (75 μg) also primarily induces IL-13 secretion in BAL from adult BALB/c mice (Schaub et al., 2004) . Our results may differ from those of Velasco et al. (2005) , possibly because of the different route of administration, PGN dose, strain and age of animals and measurement parameters used.
Organogenesis of the immune system arises during the prenatal and, to a lesser extent, early postnatal period of mammalian development. It is considered that the perinatal period is a time of high sensitivity to chemical substances which enter the offspring mainly via placenta or milk (Holladay and Smialowicz, 2000) . Little is known regarding the effects of environmental chemicals on developmental immunotoxicity during the prenatal period. In the present study, we exposed pregnant mice to low-level toluene with or without PGN in the late gestational period. Under these conditions, exposure to 5 or 50 ppm low-level toluene alone partially suppresses Th1-expression of transcription factors T-bet, GATA-3 and Foxp3 all decreased at both the 5 ppm and 50 ppm doses, although the IgG2a response did not parallel the results of transcription factor expression. Together, these data indicate that toluene exposure to prenatal stage induces immunosuppression in offspring mice.
In conclusion, we focused to examine changes of systemic Th1/Th2 immunity in offspring from pregnant mice exposed to low-level toluene with or without stimulation by the gram-positive bacterial cell-wall component, PGN, a TLR 2 ligand. Our data demonstrated that inhalation exposure to 5 or 50 ppm toluene alone or combined with PGN stimulation modulated plasma and splenic Th1-and
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